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A novel visual capability, the detection of circularly polarised light, has been
demonstrated in a mantis shrimp, a colourful crustacean from tropical reefs.Michael Land
I had intended to get through life
without having to understand circularly
polarised light. That hope has now
been dashed by a flamboyant
crustacean, the mantis shrimp
Odontodactylus cultrifer. Since Karl
von Frisch’s [1] first discovery that
bees are sensitive to the pattern of
plane polarised light in the sky, many
animals have been shown to have the
capacity to respond to polarised light.
In plane polarised light, the electric
vector of the wave is confined to
one plane (Figure 1A). Polarised light
can also exist in a circularly polarised
form, in which the electric vector
rotates around the direction of travel
of the wave (Figure 1C). Although light
with this property has been recorded
in reflections from the elytra of certain
beetles [2], no animal until now has
been shown to detect or make use of it.
In a recent issue of Current Biology,
Chiou et al. [3] report evidence that
certain mantis shrimps (Stomatopoda)
reflect circularly polarised light, and
that the shrimps can be trained
to discriminate right-handed from
left-handed versions. They go on to
show how this is done with structures
that function as quarter-wave
retarding plates similar to those used
in polarisation and interference
microscopy. These convert circularly
polarised light (not directly detectable
by photoreceptors) into plane polarised
light, which can then be detected by
arrays of oriented photosensitive
microvilli, in much the same way as in
the eyes of bees and other animals [4].
Plane polarised light can be
detected by the photopigment
rhodopsin when the excitable double
bond in the chromophore part of the
molecule is aligned with the electric
vector of the incident light. Many
arthropods and cephalopod molluscs
are able to exploit this because of the
alignment of the rhodopsin molecules
on the microvilli of their photoreceptor
cells. In many cases, the rhodopsin is
specifically aligned parallel to the long
axis of each microvillus, but even whenthis is not the case the cylindrical
geometry of the microvillus ensures
that twice as many molecules are
aligned parallel to the long axis as at
right angles to it [5]. Most vertebrates
are unable to detect the plane of
polarisation because of the random
orientation of rhodopsin molecules
in the discs of rods and cones.
Light can become polarised by two
mechanisms: scattering by small
particles in the atmosphere, or
reflection at non-metallic surfaces
such as water. The pattern of
polarisation in skylight allows
many insects, most famously bees
and ants, to use this pattern as
a substitute for the sun in compass
navigation [6]. Other insects, such
as the back-swimmer (Notonecta),
use the polarising properties of
water surfaces to find new habitats,
particularly in dry summers when
standing water is scarce [7].
Cephalopod molluscs, such as
cuttlefish and squid, use the
polarisation analysers in their
photoreceptors to break the
camouflage of silvery fish, the
surfaces of which also polarise light [8].
Circularly polarised light is not
directly identifiable by oriented
rhodopsin molecules, because the
electric vector is not confined to
one plane, but rotates continuously.
For most detectors it behaves as if
unpolarised. To understand how it
may be detected it is helpful to see how
it can be produced. Plane polarised
light can be thought of as having an
energy distribution that peaks in the
plane of polarisation and falls to zero at
90 to this plane. This means that the
wave can in principle be split into two
components at right angles to each
other, and at 45 to the plane itself
(Figure 1B). The two components
resolved in this way are still in phase
with each other, but by introducing
a delay into one component relative
to the other, the two components
become out of phase. If this delay is
a quarter of a wavelength (90), then
when the components are recombined
the beam is no longer plane polarised,but circularly polarised; that is to say
the electric vector rotates around the
direction of propagation, describing
a circle when seen end on (Figure 1C).
In optical applications, the device used
to provide the differential delay is
a quarter-wave plate, and consists of
a thin block of calcite. Calcite has the
property that it has different refractive
indices for light polarised in two planes
at right angles (birefringence), so
that when properly aligned and the
right thickness such a plate can
introduce a quarter-wavelength
path difference between the two
orthogonal components of a plane
polarised beam, making it circularly
polarised (Figure 1D). If the delay is
not a quarter-wavelength then the
light is said to be elliptically polarised.
A quarter-wave plate can also work
the other way round: circularly
polarised light can be converted back
to plane polarised light by passing it
through a quarter-wave plate so that the
delay between the two orthogonal
components is eliminated (this can be
seen by reversing the direction of light
in Figure 1D). This, according to
Chiou et al. [3], is exactly what
happens in the eyes of stomatopods.
These crustaceans have eyes unlike
any others in the animal kingdom. They
are of the apposition type [9] and for
the most part are not very different
from those of other arthropods.
Running through the centre of each eye,
however, is a band of six rows of special
ommatidia. Four of these constitute
a remarkable colour vision system,
containing a total of 12 different visual
pigments [10]; the two further rows
appear, from the arrangement of the
microvilli, to be concerned with the
analysis of polarised light [9]. The
receptors in these ommatidia are in two
tiers. Seven of the eight receptors have
their microvilli arranged at right angles
in alternating blocks, so that they have
the capability to respond differentially
to incident light polarised in different
planes. Above these, in the light path,
is an eighth cell containing a single
block of parallel microvilli, all aligned
the same way.
As Chiou et al. [3] show by
polarisation microscopy, these eighth
cell microvilli are not only birefringent,
with the ‘fast axis’ parallel to their
long axes, but en bloc they introduce
a quarter wavelength phase difference
into the light passing through.
Consequently, they convert circularly
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Figure 1. Plane and circularly polarised light.
(A) A plane polarised light wave with a vertical electric vector. (B) The same as A, but with the
vertical vector resolved into two vectors at 45. The wave remains plane polarised with a
vertical resultant vector. (C) When a 90 phase difference is introduced between the two
vectors in B, the resultant vector is no longer in a single plane, but rotates in a spiral around
the direction of travel of the beam. Seen end-on it describes a circle, and the beam is said to
be circularly polarised. (D) The effect of a birefringent quarter-wave plate. The two vectors in B
are retarded by different amounts by the plate, so that they emerge with a 90 (quarter-wave-
length) phase difference. The vectors are shown in the same plane, but are actually perpendic-
ular to each other, as in B.Phase Coding: Spikes Get a Boost
from Local Fields
The brain exhibits coherent, long-range oscillations, and it now appears that
these oscillations play a substantial role in neural coding: they can boost the
information contained in action potentials by as much as 50%.
Peter E. Latham1 and Ma´te´ Lengyel2
Our brains produce on the order of
100 billion action potentials, or ‘spikes’,
each second, and these spikes tell us
everything we know — about both
the outside world and our own inner
thoughts and feelings. Or almostpolarised light into plane polarised
light, which the underlying seven
receptors are then able to detect.
Interestingly, the eighth cell microvilli
are orthogonal to each other in the
two ommatidial rows, meaning that
they introduce orthogonal retardations
into circularly polarised beams.
Referring back to Figure 1C, this means
that one will produce plane polarised
light from a right-hand helix, and the
other from a left-hand helix. This
accounts for the animals’ ability to
distinguish right-hand and left-hand
polarised light.
In scarab beetles, the highly coloured
left-hand circularly polarised light
reflected from the elytra is
a consequence of the helicoidal
structure of the chitin making up the
outer region of the exocuticle. [2].
Stacked layers of parallel fibrils, eachmaking a small angle with the next,
induce form optical rotation in the
reflected light. The overall repeat
period of these layers corresponds
to half a wavelength of light, and withthe optical rotation this results in
interference colours that are also
circularly polarised. The tails of
stomatopods also show highly
coloured circularly polarised
reflections, and it is likely that these
will have a similar microstructural
basis, although this has yet to be
shown. It also remains to be seen
whether the remarkable optical feat of
both producing and detecting circularly
polarised light is confined to this one
group of crustaceans.
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